Introduction
Papaya (Carica papaya L.) is one of the most important fruit crops in tropical and subtropical regions. It is a polygamous plant with three different sex types, i.e., male, hermaphrodite, and female (Hofmeyr, 1938; Storey, 1938) . In Okinawa, Japan, hermaphrodite and female types have been cultivated in non-heated greenhouses to protect them from viral infection and typhoon attacks.
Seasonal changes in the sex flowers of hermaphrodite papaya have been reported (Hofmeyr, 1939; Nakasone, 1986; Nakasone and Paull, 1998; Nakasone et al., 1972; Ray, 2002; Singh et al., 1963; Storey, 1941 Storey, , 1953 Storey, , 1969 . Such sexual changes are accompanied by the occurrence of abnormal misshapen flowers (carpelloid and pentandoria flowers) and female sterile flowers (lacking female sexual functions), which have a direct impact on fruit quality and yield (Arkle and Nakasone, 1984; Nakasone, 1986) . Furthermore, the amount of pollen per anther and its fertility have been reported to fluctuate seasonally (Allan, 1963a) .
In hermaphrodite papaya, it has been reported that the occurrence of abnormal misshapen flowers and female sterile flowers was attributed to several environmental and genotypic factors, such as soil moisture and fertilizer (Awada and Ikeda, 1957) , temperature and plant growth state (Awada, 1958; Lange, 1961) , average diurnal temperature range (ADTR) (Lange, 1961) , relative humidity (Singh et al., 1963) , removal of leaves or flowers (Awada, 1967) , cultivars and strains (Chan, 1984) , and seasonality (Hofmeyr, 1939; Nakasone and Paull, 1998; Nakasone et al., 1972; Ray, 2002; Storey, 1941 Storey, , 1953 Storey, , 1969 . There are two contradictory reports on the occurrence of abnormal misshapen flowers and female sterile flowers concerning temperature or seasonality. One is that carpelloid flowers occur more frequently in winter, whereas female sterile flowers occur in summer and fall (Arkle and Nakasone, 1984; Awada, 1958; Lange, 1961; Nakasone and Paull, 1998; Nakasone et al., 1972; Storey, 1941) . The other is that abnormal misshapen flowers increase in frequency in summer, whereas female sterile flowers increase in winter (Singh et al., 1963) . Thus, the environmental factors that promote the occurrence of abnormal misshapen flowers and female sterile flowers remain unclear.
There are a few reports on seasonal variations in pollen germination and seed production in papaya. Allan (1963a) reported seasonal variations in the fertility and amount of pollen per anther collected from male plants. Allan (1963b) and Cohen et al. (1989) have shown that pollen germination rates in male plants fluctuated seasonally. Furthermore, Ram and Ray (1992) reported the seasonal variation of seed yields in female and hermaphrodite cultivars; however, there have been no reports on seasonal variations in pollen germination rates in hermaphrodites and the reproductive function of the pistils in either sex type. Allan (1963b) and Cohen et al. (1989) suggested the possibility of increasing fruit yield by pollinating with preserved pollen, but they did not show in detail the reproductive function of the pistils in summer or winter.
In this study, to improve the fruit and seed productivity of papaya, we investigated seasonal variations in the frequency of sexually altered abnormal flowers, seed and fruit yield, pollen germination ability, the reproductive function of the pistils, and developed artificial pollination methods under greenhouse cultivation conditions.
Materials and Methods
1. Seasonal variation in the rate of abnormal flowers, fruit yield, and number of seeds in hermaphrodite 'Sunrise Solo' plants The hermaphrodite papaya cultivar, 'Sunrise Solo', was used in this experiment. In mid-June 1999, 300 kg/a compost was distributed in a greenhouse at Okinawa Prefectural Agricultural Research Center (OPARC) (branch office) in Nago, Japan. An organic compound fertilizer (N : P 2 O 5 : K 2 O = 7 : 10 : 6) was supplied to plants at a rate of 1.50 kg/plant and 2.25 kg/plant during the first and second years, respectively. Plants were watered at intervals of approximately one week.
In late June 1999, two seedlings (approximately 30 cm in height) were planted together in each planting hole. After identifying the sex during flowering, female plants in the holes were removed and hermaphrodite plants (34 plants) were cultivated at a planting density of 3 m (interrow) × 2 m (inter-plant).
Hermaphrodite flowers on the flower stalk terminals were morphologically classified into three types: normal flowers, abnormal misshapen flowers, and female sterile flowers, according to Storey (1941) . Each flower type was separately scored at monthly intervals from February 1, 2000 to January 30, 2001. During this period, normally matured fruits on the flower stalk terminals were counted and weighed, and the fruit yield was calculated. The number of mature black seeds per fruit was also counted. The fruit harvesting date was traced back to the flowering date in order to analyze the effect of temperature on pollination.
Air temperature in the greenhouse was recorded from February 1, 2000, to January 30, 2001 using a thermo recorder (TR-71, T&D CO., Ltd., Japan) placed in the center of the greenhouse at a height of 1.5 m. The average maximum (AMaxT), mean (AMeanT), and minimum (AMinT) monthly temperatures were calculated. Temperature data were compared with those in various papaya cultivation areas, such as Honolulu (21°19' N, 157°05' E; USA), New Delhi (28°58' N, 77°20' E; India) (Singh et al., 1963) , and Patna (25°36' N, 85°68' E; India). Temperature data from 1996 to 2000 in Honolulu and Patna were obtained from the NNDC Climate Data Online website (http://www7.ncdcnoaa.gov/CDO/cdo). In this report, air temperatures described in parenthesis indicate AMeanT, if not otherwise specified.
2. Seasonal variation in pollen germination ability and the effect of temperature on pollen germination 1) Seasonal variation in pollen germination ability of hermaphrodite 'Sunrise Solo' and three male strains Ten hermaphrodite 'Sunrise Solo' plants were used. Terminal flowers were sampled at monthly intervals from February 2000 to January 2001. Fresh pollen collected from the flowers was scattered on a pollen germination medium that contained 15 g·L −1 agar, 50 g·L −1 sucrose, and 100 mg·L −1 boric acid. Pollen on the medium was incubated for 3 h at 25°C in a growth chamber (MIR-553, Sanyo, Japan). After incubation, the percentages of germinated pollen (pollen germination rate) were calculated and pollen tube length was measured using an ocular micrometer under a microscope.
Germination of pollen was defined as the stage when the emerging pollen tube elongated to twice the diameter of the pollen grain. The mean percentage of pollen germination was calculated by averaging the percentages from six slide-glass samples, each containing 400 pollen grains. Pollen tube length was calculated by averaging the length of 20 pollen grains.
In another experiment, three different male hybrid strains (FT-WI, KC4-WI, and KC16-WI) cultivated in the OPARC (head office) greenhouse in Itoman were used for the seasonal pollen germination test; 'FT-WI' was derived from cross combinations between 'FT' (female 'Fruit Tower') and 'WI' (derived from a cross between female 'Wonder Flare' and an indigenous unknown male strain), 'KC4-WI' was from a cross between 'KC4' (selected line in OPARC) and 'WI', and 'KC16-WI' was from a cross between 'KC16' (selected line in OPARC) and 'WI'.
One 2) Effect of temperature on pollen germination in hermaphrodite 'Sunrise Solo' Pollen was collected from 10 hermaphrodites of 'Sunrise Solo' in June 2000. Fresh pollen was mixed and scattered on the agar medium as described above. Pollen on the medium was incubated for 3 h at temperatures ranging from 10-45°C at 5°C increments in the growth chamber. The percentages of germinated pollen and pollen tube length were recorded according to the methods described above.
Seasonal variation in reproductive function of pistils
of hermaphrodite and female flowers during summer and winter 1) Reproductive function of pistils in hermaphrodite 'Sunrise Solo' during summer The hermaphrodite plants of 'Sunrise Solo', cultivated in the greenhouse, were used as pollen receptors. An indigenous unknown male strain, cultivated in the open field, was used as a pollen donor plant. The experiment was performed to evaluate the effect of pollination on the seed and fruit yield from August 18 to September 10, 2000 (28.2-30.5°C). Experimental plots consisted of unpollinated and hand-pollinated flowers. In the unpollination plot, hermaphrodite flowers with anthers were bagged without artificial pollination. In the hand pollination plot, pollen from the male flowers was directly pollinated on the stigma of hermaphrodite flowers. Hand pollination was performed between 9:30 and 11:00 am.
Fruit weight and the number of seeds per fruit (seed yield) were examined on the days of fruit harvest. The fruit setting rate was assessed about one month after flowering. The in vitro germination rate of pollen collected from the male plant was about 35.0% during the period.
2) Reproductive function of pistils in female 'Wonder
Flare' during summer and winter Female 'Wonder Flare' plants were used as pollen receptors. The male strain was used in the above experiment as the pollen donor plant. Pollen collected in June 2004 was stored at −20°C until just before use. To examine the reproductive function of the pistil, the following pollinations were performed in winter (January 21 to February 17, 2005) and summer (September 2 to 9, 2005); (1) unpollination, (2) hand pollination with a low-density pollen solution (about 30 grains/μL), and (3) hand pollination with a high-density pollen solution (58 grains/μL), each containing 0.25% sucrose (Bala, 1996) . In both pollinated plots, female flowers were pollinated with about 2 mL solution per flower using a hand sprayer. For quantification, pollen collected from 40 or 80 male flowers was suspended in sucrose solution. A drop of each solution (5 μL) was then placed on a glass slide, covered with a cover slip, and all the pollen grains in the solution were counted. These quantifications were repeated 10 times and converted to average pollen density/μL.
Mature fruits developed from flowers pollinated in winter were harvested from July 11 to August 12, 2005, and those developed from flowers pollinated in the summer were harvested from February 24 to March 28, 2006. Statistical analysis was performed using Tukey's test at P < 0.01. AMinT, AMeanT, and AMaxT in the greenhouse during the winter were 14.7, 16.7, and 22.6°C, respectively, and those during the summer were 25.7, 29.5, and 35.9°C, respectively.
Results

Seasonal variations in the rate of abnormal flowers,
fruit yield, and number of seeds in hermaphrodite 'Sunrise Solo' plants Ram and Ray (1992) performed experiments on seed and fruit production in Pusa (25°98' N, 85°68' E) near Patna in North Bihar (India); Singh et al. (1963) performed experiments on the occurrence of abnormal flowers in New Delhi (India); and Awada (1958) , Lange (1961) , and Arkle and Nakasone (1984) examined abnormal flower frequency in Honolulu (USA); however, none of these studies reported average monthly temperatures in detail.
Monthly AMaxT, AMeanT, and AMinT in Okinawa (in the greenhouse) varied widely during the year (Fig. 1), i.e., the highest AMaxT was 38.6-41.2°C from July to September and the lowest AMinT was 10.8-13.5°C from January to March and ADTR during the year was 12.5°C (data not shown). The air temperature conditions in the greenhouse in Okinawa were almost identical to those in Patna and New Delhi, according to the CDO website. On the other hand, in Honolulu, the highest AMaxT was lower (34.0-31.4°C) from June to October, the lowest AMinT was higher (less than 19.0°C) in January, and ADTR during the year was lower (7.5°C) than in Okinawa, Patna, and New Delhi.
In the greenhouse, the percentage of abnormal misshapen flowers was 42-66% from July to October (25.6-30.5°C), although below 10% from February to March (14.6-16.8°C) and December to January (16.9-18.1°C) (Fig. 2A) . The percentage of female sterile flowers was low (below 10%) from March to November (16.8-30.5°C), but high (13-37%) from December to February (14.6-18.1°C). Fruit weight and fruit yield were low from July to September (28.2-30.5°C) and from January to March (14.6-18.1°C) (Fig. 2B, C) . The number of fruits per plant decreased in February and July (data not shown).
The seasonal fluctuation in the number of seeds per fruit was similar to that in the fruit weight and yield per plant (Fig. 2D) . Large fruits pollinated in May and November contained many seeds, whereas small fruits pollinated from February to March and July to September produced few seeds. About 80% of the fruits set in July to September were parthenocarpic fruits without any seeds.
2. Seasonal variation in pollen germination ability and the effect of temperature on pollen germination 1) Seasonal variation in pollen germination ability of hermaphrodite 'Sunrise Solo' and three male strains In 'Sunrise Solo', the pollen germination rate was high (52-87%) from April to June (22.2-27.2°C) and October to November (19.4-25.6°C), but low (5-32%) from January to March (14.6-18.1°C) (Fig. 3) . No germinated pollen was detected from July to September (28.2-30.5°C). Seasonal variation in pollen tube length showed a pattern similar to that of the pollen germination rate. The pollen tube grew long (208-272 μm) from April to June and October to December, but was short (63-134 μm) from January to March.
The three male strains showed increased pollen germination rates at 18.6-19.7°C (from December to January) (Fig. 4) ; however, although 'Sunrise Solo' completely lost pollen germination ability at 28.2-30.5°C, they did not lose the ability at 27.3-30.0°C (from August to October) and retained a certain level of germination ability (23.1% in 'FT-WI', 15.3% in 'KC4-WI', and 10.4% in 'KC16-WI') during the period.
2) Effect of temperature on pollen germination in hermaphrodite 'Sunrise Solo' The pollen germination rate (72-80%) was highest at 20 and 25°C, followed by 30°C and 15°C or 35°C (Table 1) . Little or no pollen germination was observed at 10 or 40°C. Pollen tube length was longest (248 μm) at 25°C, followed by 20°C, 30°C, 15°C, and 35°C, but shortest (27 μm) at 40°C.
Seasonal variations in reproductive functions of pistils
of hermaphrodite and female flowers during summer and winter 1) Reproductive function of pistils in hermaphrodite 'Sunrise Solo' during summer In 'Sunrise Solo', no clear difference was found in the fruit setting rates between unpollinated and hand pollinated plots (Table 2 ), but fruits from the hand pollinated plot were heavier than those from the unpollinated plot. The number of seeds per fruit in the hand pollinated plot was significantly greater than in the unpollinated plot.
2) Reproductive function of pistils in female 'Wonder
Flare' during summer and winter In the unpollinated plot, the fruit setting rate and fruit weight were greater in winter (January 21 to February 17) than in summer (September 2 to 9) ( Table 3 ) but none of the fruits contained any seeds. In both handspray plots, pollinated with low-or high-density pollen solution, there were no clear differences in the fruit setting rates and fruit weights between the seasons; however, the number of seeds per fruit was significantly higher in summer than in winter in both spray plots. Between the hand-spray plots, fruit weight and the number of seeds per fruit were significantly higher in high-than low-density pollen solution.
Discussion
Contradictory results have been reported for the seasonal sex changes of hermaphrodite flowers from hermaphrodite to male in papaya. Awada (1958) reported that the frequency of carpelloid flowers increased at 15.5°C in winter. Lange (1961) also reported that carpelloid flowers occurred when the minimum temperature was below 18°C and the ADTR was wide. Arkle and Nakasone (1984) suggested that carpelloid flowers increased in frequency at low temperatures. In addition, Storey (1958) showed that the frequency of female sterile flowers increased in warm weather under long day conditions. Arkle and Nakasone (1984) suggested that this type of flower dominated at high temperature under high levels of soil moisture and nitrogen. In contrast, Singh et al. (1963) showed that abnormal misshapen flowers increased in frequency at high temperature (AMaxT: 39.0-39.5°C, AMeanT: 31.3-33.6°C, and AMinT: 23.0-28.2°C) from May to June and female sterile flowers increased in frequency at AMinT below 23°C. In this study, the frequency of abnormal misshapen flowers increased at temperatures above 27°C from July to October and that of female sterile flowers increased at temperatures below 17°C from December to February. These results agreed with those reported by Singh et al. (1963) , who conducted their experiment in New Delhi, India, but clearly differed from the results obtained by researchers in Hawaii (Arkle and Nakasone, 1984; Awada, 1958; Lange, 1961; Storey, 1958) . Lange (1961) suggested ADTR as a thermoperiodic factor that may reflect morphological changes in hermaphrodite flowers. ADTRs in Okinawa and New Delhi were wider than in Honolulu (data not shown), i.e., ADTRs in Okinawa and New Delhi were 12.5 and 13.0°C, respectively, while that in Honolulu was 7.5°C. Such differences in ADTRs between Honolulu and Okinawa or New Delhi may affect flower sex changes; however, we can not clearly explain the contradictory results between the Hawaiian researchers (Arkle and Nakasone, 1984; Awada, 1958; Lange, 1961; Storey, 1958) and Singh et al. (1963) or the present authors.
Ram and Ray (1992) examined the seasonal variation in seed yield of the female 'Pusa Dwarf', and the hermaphrodite 'Pusa Delicious' at Pusa near Patna in North Bihar (India). They reported that the number of seeds per fruit increased from August to October (27.3-29.7°C), but decreased in April (30.5°C) and May (32.5°C), and no seeds were obtained in . In this study, the seed and fruit yield increased when flowers were pollinated in May (24.6°C) and November (19.4°C) but decreased when they were pollinated from July to September (28.2-30.5°C) and January to March (14.6-18.1°C). In particular, from July to September, few or no seeds were obtained. These results show that the temperature range favorable for seed and fruit production is between 19.4 and 24.6°C and temperatures above and below this range are unfavorable for production. The reduction in seed and fruit yield suggests that pollination and fertilization may fail under unfavorable temperature conditions. Ram and Ray (1992) reported that the optimum temperature (27.3-29.7°C) for seed and fruit production was higher than that found in this study (19.4-24.6°C) . The reason for this discrepancy is unclear but may be due to differences in cultivars or other cultivation factors.
To further elucidate the optimum temperature for pollination and fertilization, we examined the seasonal variation in pollen germination ability and that in fruit weight and the number of seeds per fruit for reproductive function of pistils. In hermaphrodite 'Sunrise Solo', pollen germination and pollen tube growth were enhanced from April to June (22.2-27.2°C) and October to ), but were retarded from January to . Furthermore, from July to September (28.2-30.5°C), pollen grains completely lost their germination ability. These variations in pollen germination and pollen tube growth were in agreement with those of the seed and fruit yield. Allan (1963a) reported that in South Africa the amount of pollen per anther and pollen fertility in male flowers Allan (1963b) showed that the optimum temperature range for pollen germination was from 18 to 24°C, provided that the minimum and maximum temperatures were not below 10°C and above 32°C, respectively. On the basis of the results of pollen germination tests in the field and incubation chamber, Cohen et al. (1989) concluded that 22 to 26°C was a suitable temperature range for pollen germination. The optimal temperature ranges for pollen germination in male plants reported by Allan (1963b) and Cohen et al. (1989) almost coincided with those from this study. The pollen germination tests performed in the chamber supported the results of the seasonal variation in pollen germination in the greenhouse. In the incubation chamber test, the optimum temperature for pollen germination was between 20 and 25°C and pollen germination was suppressed below 15°C and above 30°C; therefore, reduction in seed and fruit yield in 'Sunrise Solo' was due to a decline in the pollen germination ability under high or low temperature conditions.
Seasonal comparison of pollen germination ability between male and hermaphrodite plants has not yet been reported. In this study, it was confirmed that 'Sunrise Solo' completely lost pollen germination ability during the hot summer; however, the three male strains used for the experiment retained a certain level of germination ability (from 10.4% to 23.1%) under high temperature conditions (27.3-30.0°C). Thus, these male strains may have higher pollen germination tolerance to high temperature conditions than 'Sunrise Solo'.
Under high or low temperature conditions, it appears that pollen production in anthers decreases in conjunction with a decline in pollen germination ability, as suggested by Allan (1963a) . Pastor et al. (1990) reported that the hermaphrodite 'Sunrise Solo' papaya was classified as an autogamous plant having high cleistogamous ability. Thus, it seems that the decline in seed and fruit yield under unfavorable temperature conditions is caused by fertilization failure related to the low ability of pollen germination and cleistogamy.
The fertilization failure under high temperature conditions in the greenhouse could be overcome by hand pollination with fresh pollen collected from a male plant cultivated in the open field. This result suggests that the pistils of hermaphrodite 'Sunrise Solo' continue to have high reproductive function even under high temperature conditions. Allan (1963b) and Cohen et al. (1989) proposed that hand pollination with pollen preserved at −5 to −18°C was useful for increasing female fruit yield in winter. Bala (1996) developed an efficient pollination method in which 0.25% sucrose solution with pollen was sprayed onto the stigmas of hermaphrodite or female flowers and markedly improved their fruit yield. We also confirmed that the fruit and seed productivity of females in summer and winter could be improved by the spraying pollination method in combination with pollen preserved under subzero temperature conditions. Although we did not show the usability of this pollination method for increasing hermaphrodite fruit yield, this pollination technique will be able to be applied to hermaphrodite papaya, as suggested by Bala (1996) . Based on the above results, we found that (1) abnormal misshapen flowers and female sterile flowers occurred at high (25.6-30.5°C) and low (16.9-18.1°C) temperatures, respectively, (2) decreases in seed and fruit yield during summer and winter are mainly attributed to a decline in pollen germination and cleistogamous ability under low and high temperature conditions, and (3) pistils retained their reproductive function even at low (16.7°C) and high (29.5-30.5°C) temperatures. These findings will contribute not only to fruit production, but also to breeding research on papaya, e.g., anther (Rimberia, et al., 2006) and embryo culture (Fitch, et al., 1993) .
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